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This paper presents the design and evaluation of a configurable, fast multi-frequency Electrical Impedance Tomography (mfEIT) system for real-time 2D and 3D imaging, particularly for biomedical imaging. The system integrates 32 electrode interfaces and the current frequency ranges from 10 kHz to 1 MHz. The system incorporates the following novel features. Firstly, a fully adjustable multi-frequency current source with current monitoring function is designed. Second, a flexible switching scheme is developed for arbitrary sensing configuration and a semi-parallel data acquisition architecture is implemented for high-frame-rate data acquisition. Furthermore, multi-frequency digital quadrature demodulation is accomplished in a high-capacity FPGA. At last, a 3D imaging software, Visual Tomography, is developed for real-time 2D and 3D image reconstruction, data analysis and visualization. The mfEIT system is systematically tested and evaluated from the aspects of signal to noise ratio (SNR), frame rate, and 2D and 3D multi-frequency phantom imaging. The highest SNR is 82.82 dB on a 16-electrode sensor. The frame rate is up to 546 fps at serial mode and 1014 fps at semi-parallel mode. The evaluation results indicate that the presented mfEIT system is a powerful tool for real-time 2D and 3D imaging.





I. INTRODUCTION
Electrical Impedance Tomography (EIT) is a fast, non-intrusive, non-radiation and low cost tomographic imaging modality which generates 2D cross sectional or 3D images of conductivity and permittivity distributions within the region of interest [1, 2]. Attributing to its capacity to rapidly reflect process characteristics related to electrical conductivity or permittivity variation, EIT in recent decades has been extensively investigated, from theory to application, in both biomedical imaging [3, 4] and industrial process imaging [5-7]. In addition to the high maturity practice in industrial process measurement, EIT has also gained a great deal of interest in biological process imaging, which is targeted at monitoring and assessing the biological dynamics for the study of the biological behavior and control of the chemical environment of the bioprocess. As the bioimpedance varies over a wide range of frequencies, spectral electrical properties of biological tissues may provide a wealth of information for bioprocess evaluation, physiological status analysis or pathological diagnosis. Therefore, compared with the mono-frequency EIT normally applied in industrial process measurement, multi-frequency EIT (mfEIT), which injects a current with multiple frequency components, tends to be more suitable in biomedical process research, such as cell culture imaging, tissue engineering and cancer research.
The performance of mfEIT system has been considered a critical aspect for acquiring spectral imaging and quantitative analysis for corresponding applications. To date, substantial efforts have been made by research groups around the world in developing EIT system with particular emphasize on mfEIT technique. Remarkable work includes the Sheffield systems [8, 9], the UCL systems such as UCLH Mark 1b [10] and its improved version UCLH Mk 2.5 [11], the KHU systems such as KHU Mark1 [12] and its successor KHU Mark2 [13] and KHU Mark2.5 [14], the OXBACT-5 system [15], the Dartmouth system [16], and the fEITER system [17]. The maximum frame rate of these systems is 100 fps achieved by fEITER and KHU Mark2. The KHU systems also comes with an imaging software with real-time 2D image reconstruction ability while the others did not reported. In addition to the above-mentioned EIT systems, another mfEIT system using chirp current excitation and wavelet-based demodulation method [18] has also been reported.
In this paper, we introduce the development of a novel mfEIT system with advanced features different from any existing mfEIT systems. This mfEIT system has 32 electrode interfaces and its working frequency ranges from 10 kHz to 1 MHz, which is determined in consideration of spectral variation of biological tissues, temporal resolution and the stability of current source. The novel features proposed in this work include: a) A fully adjustable multi-frequency current source with real-time current monitoring and emergency switch-off functions is proposed for sensing flexibility and safety concerns. b) A flexible switching scheme is invented to enable arbitrary sensing strategy. c) A semi-parallel data acquisition scheme is deployed for enhanced frame rate; additionally, parallel digital signal processing technique, i.e., simultaneous multi-frequency digital quadrature demodulation, is performed in a high-capacity FPGA for improved real-time performance. d) A real-time 3D imaging software, Visual Tomography, is developed for rapidly online 2D and 3D image reconstruction, data analysis, visualization and parameters configuration. These novel features facilitate real-time 2D and 3D imaging ability, high sensing flexibility and fast frame rate, which are greatly desirable towards the practical biomedical applications. The mfEIT system is systematically tested and evaluated from the aspects of load capacity, signal to noise ratio, frame rate, 2D and 3D multi-frequency image reconstructions.
The paper is organized as following: the theory of mfEIT and detailed system design are discussed in Section II. The system performance evaluation and imaging results are demonstrated in Section III. Finally, concluding remarks and future work are discussed in Section IV.
II. THEORY AND SYSTEM DESIGN
A. Foundation of mfEIT
The approximate relationship between conductivity change distribution  and boundary voltage change in EIT is expressed as
     		    (1)
where J is the Jacobian or sensitivity matrix calculated based on the EIT forward model.
In mono-frequency time-difference (TD) imaging, a pair of complementary currents with single frequency is injected into the sensor. A measurement at time t0 is firstly performed as a reference data, then the voltage change at time t1 with respect to the reference data is used for image reconstruction, which is calculated by
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Another method in mfEIT is frequency-difference (FD) imaging, where a pair of complementary currents with two different frequency components, i.e., f1 and f2, is injected into the sensor. Then the measured voltage difference between the two frequencies is adopted for image reconstruction, which is calculated by
     		    (3)
Afteris obtained, the conductivity change distribution within the sensing domain can be estimated by solving the following optimization problem: 
         (4)
where H(∙) is the regularization function and λ is the regularization factor.
B. System Architecture
Figure 1 shows the block diagram of the system architecture. The system mainly comprises three parts, the mains part, the applied part and the peripheral equipment. Figure 2 illustrates the picture of the developed 3D mfEIT system and each function module is annotated. The mains part is packed in the power box together with an external AC/DC power supply to provide multiple isolated power tracks. Most of the applied part is included in the main box, which contains a fully adjustable multi-frequency current source with a dual-channel real-time current monitoring module, an arbitrarily configurable multiplexer array, a semi-parallel voltage measurement, signal conditioning and data acquisition module, a high-capacity FPGA for digital signal processing and control tasks, and an isolated USB 2.0 interface, a Bluetooth interface and an Ethernet data link to the computer. The external laptop is installed with the developed real-time 3D imaging software, Visual Tomography, which integrates the real-time 2D and 3D image reconstruction, data analysis, visualization, sensing parameters configuration and system control functions.
C. Adjustable Multi-frequency Current Source
A fully adjustable multi-frequency current source (AMFCS) with real-time current monitoring and emergency switch-off functions is designed. Figure 3 shows the block diagram of the proposed AMFCS. The AMFCS is implemented based on the Direct Digital Synthesis (DDS) technology. Two commercially available Numerically Controlled Oscillator (NCO) Intellectual Property (IP) cores are utilized to generate two discrete sinusoidal waveforms with different frequencies. The frequency and phase of each sinusoidal waveform can be digitally configured via Visual Tomography in real time, by adjusting corresponding control words. The two-frequency discrete waveforms are then added up to generate a single superimposed waveform, as the example shown in Figure 4, which shows a superimposed waveform with frequency components of 50 kHz and 100 kHz. In TD imaging mode, the second NCO can be disabled in the software to generate adjustable mono-frequency currents. A 14-bit, 210 MSPS digital-to-analog converter (DAC) is utilized to output a stepwise continuous sinusoidal waveform. The DAC’s external reference voltage is digitally controlled by another 8-bit DAC, resulting in an adjustable current output with 256-level amplitude. A 5th order elliptic low pass filter (LPF) is adopted as the reconstruction filter, and the cutoff frequency can be selected as 500 kHz or 1 MHz according to the applied current frequencies. The voltage controlled current source (VCCS) is built based on the enhanced Howland current source principle [19, 20, 21, 22]. The current source has 10 M ohm output resistance at 10 kHz. Due to the limit of amplifiers’ power supply, the maximum amplitude of output current is 10 mA peak to peak. In this paper, the current amplitude is set as 3.7 mA peak to peak in the following tests and image reconstruction experiments. Figure 5 illustrates the load capacity testing result using resistive loads ranging from 19.9 ohm to 815.9 ohm when the frequencies current source are 20 kHz, 500 kHz and 1 MHz, respectively. The results indicate strong linear relationships of the induced voltages with the increase of resistance and under different frequencies.
A high-precision 100 ohm resistor with ±0.1% tolerance is inserted in series with each current output end and the voltage drop on the resistor is sampled in real time to monitor the current amplitude. Under the circumstances of component failure or electromagnetic interference, if the amplitude of the current exceeds the designed limit, both NCOs will be disabled and all switches will be disconnected with a response time of 100 us level. This function can be enabled to guarantee that the amplitude of current output conforms to the safety standards of medical equipment [23] when the system is applied in biomedical related applications.
D. Configurable Multiplexer Array
The presented mfEIT system supports sensors with up to 32 electrodes, and the system can be cascaded to support sensors with more electrodes. A fixed sensing strategy, for example adjacent strategy, might not be optimal for all application cases. In order to be compatible with user-defined flexible sensing strategies for optimal sensing performance [24], an arbitrarily configurable switching scheme is designed. Figure 6 shows the switching scheme for an individual electrode. In the switch array board, there are 32 dual single pole single throw switches for current injection switching and two cascaded 8×16 cross point switch arrays are used for selecting induced voltage measurement channels. By using the configurable switching scheme, each electrode can be connected with either the complementary current injections or any voltage measurement channel. Therefore, it is easy for the control to be realized in the software.

E. Semi-parallel Data Acquisition Scheme
In this work, a semi-parallel data acquisition scheme as shown in the applied part of Figure 1 is designed to increase the frame rate of the system while reduce the complexity of the circuits. Two voltage measurement, signal condition and data acquisition channels can work in either semi-parallel mode or serial mode according to the setup in the Visual Tomography software. In serial mode, only one selected measurement channel performs data acquisition, while the other remains in the idle state. Differently, in semi-parallel mode, two ADC measurement channels perform data acquisition simultaneously. In this case, the total data acquisition time for one frame of data (e.g., 104 data for 16-electrode sensor under adjacent strategy) can be reduced to nearly the half. In each measurement channel, a programmable gain amplifier (PGA) together with the instrument preamplifier can provide an adjustable gain from 0.56 to 70. A 16-bit, 10 MSPS low noise analog-to-digital converter (ADC) is adopted for high speed and high performance signal acquisition. The SNR of the ADC is 91.5 dB with 16-bit no missing codes.
Figure 7 shows the sampling timing sequence diagram. The sampling points number for demodulation is set to be 200 (note that for 625 kHz, the number of points is 160 rather than 200) but adjustable via software. A fixed ADC sampling frequency is not optimal for all frequencies within the wide system bandwidth, as the number of sampling points can vary significantly. Therefore, the ADC sampling frequency in the presented mfEIT system is adaptively changed via software to pursue a minimum number of demodulation periods when the total accumulation number for one demodulation is fixed. One measurement is composed of a period for switching and settling, then several periods for data acquisition. Accordingly, the frame rate ft can be calculated by
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where fsg and fsp denote the signal frequency and sampling frequency respectively; P is the total points number for one demodulation; N is the total measurement number for one image frame. Under semi-parallel mode, N is approximately the half of that under serial mode, therefore the frame rate can nearly be doubled.
Table I presents the frame rates under different working frequencies and sensing modes, on the condition that a 16-electrode EIT sensor is applied for 2D imaging (104 independent measurements) and a 32-electrode EIT sensor is applied for 3D imaging (208 independent measurements). The maximum frame rate when the system is working under the serial mode is 546 fps at 625 kHz and 1014 fps when the system is under semi-parallel mode.
F. Simultaneous Multi-frequency Demodulation
In this work, the simultaneous multi-frequency digital quadrature demodulation is designed and implemented in a high capacity FPGA to simultaneously acquire the real and imaginary parts of both frequencies. The superimposed signal with two frequency components is sampled by the ADC and can be expressed as
    	      (6)
where Ai denotes the amplitude of the ith frequency component; θi is the phase angle of the ith frequency component; Ni is the sampling number in one period of the ith  frequency component. In this paper, N1>N2 and N1 is required to be the multiple of N2, i.e., N1=qN2, q>1, q∈Z.
Under the abovementioned condition, the principle of multi-frequency digital quadrature demodulation can be formulated as
       (7)
where Ii and Qi are the real and imaginary parts of the ith frequency component of the sampled signal respectively. Based on Eq. (7), the amplitude and phase angle of each frequency component can be further calculated by the following equation
 	                     (8)
The multi-frequency digital quadrature demodulation is implemented in the FPGA using a parallel architecture as shown in Figure 8 to achieve simultaneous demodulation of the real parts (I parts) and imaginary parts (Q parts) of two frequency components. Four Multiply-Accumulator (MAC) IP cores are utilized in each measurement channel to realize the function. The Visual Tomography software can further calculate the amplitude and phase angle based on Eq. (8) if the amplitude and angle measurement option in the software is enabled.
G. Adjustable Isolated Power Supply
In order to comply with the IEC 60601-1 medical equipment standard [23] meanwhile provide high efficiency, ultra-low noise, and flexible power supplies, we propose an adjustable isolated power supply scheme, as shown in the mains part in Figure 1. A medical AC/DC power supply with 4000 VAC input to output (I/O), 2 × MOPP isolation is firstly used to provide 12 V DC output with a maximum output current of 7.08 A. Four high efficiency DC/DC converters with 3000 VAC I/O, 2 × MOPP isolation are then used to provide separate base voltages for analog part (+12V, –12V), digital part (5V), ADCs (12V) and DACs (5V), respectively. Finally the adjustable ultralow noise low-dropout (LDO) regulators with filters are used to generate exactly the required power supplies for each part. The power supplies are adjustable through the jumpers on board within the range of 1.4~20.5 V to meet various power requirements. The DC/DC converter plus ultralow noise LDO architecture is able to provide high efficient, low noise and flexible power supplies.
H. Isolated Data Link
To ensure safe operation in advanced biomedical diagnostics, measurement and monitoring equipment, and industrial and instrumentation systems, isolation of data link is also required. In the designed mfEIT system, a 5 kV USB digital isolator compatible with full/low speed USB peripheral, is used together with a USB 2.0 microcontroller,  to provide isolated full speed (12 Mbps) USB 2.0 data link. In addition, a serial UART interface for debugging purpose is also isolated using a dual-channel, 2.5 kV isolator. The mfEIT system also provides extension ability to interface with a plug-in Ethernet module for remote upgrade, data collection and analysis purpose, and a wireless Bluetooth module for image and data monitoring on mobile devices.
I. Real-time 3D Software: Visual Tomography
An open Matlab toolbox, the Electrical Impedance Tomography and Diffuse Optical Tomography (DOT) Reconstruction Software (EIDORS) was developed a decade ago to provide algorithms for 3D forward and inverse problems [25]. However, the real-time 3D imaging ability that can directly cooperate with an EIT system remains a gap. In this work, another novel feature includes the online and offline 2D and 3D imaging ability and flexible control of sensing parameters. These functions are realized by a newly developed 3D imaging software, Visual Tomography. As shown in Figure 9, the software is composed of five function units, including: (1) the settings unit for sensing mode and sensing parameters selection; (2) the waveform unit for real-time waveform sampling and display; (3) the real-time imaging unit for online 2D and 3D image and data visualization; (4) the offline analysis unit for data replay and complex process parameters calculation to facilitate data analysis and control, for instance, phase concentration; and (5) the help unit for guidance and supplementary information regarding the use of the software.
The software provides real-time access to the majority of sensing parameters, including the sensor type, imaging mode, gain adjustment of measurement channels, current amplitude, sampling periods, current frequency and phase angle, ADC sampling speed and total point number for demodulation, and image reconstruction algorithms. This feature allows highly flexible sensing ability without changing the hardware circuitry and FPGA firmware.
Real-time 2D and 3D imaging are realized based on multithreading technology and OpenGL. Some real-time 3D imaging examples, e.g., the 3D time-stacked images and 3D spatial images, are shown in Figure 10. By default, Tikhonov regularization [26] is applied in image reconstruction. The software supports not only online time-stacked 3D imaging for revealing the dynamic behavior of measurement object in time domain, but also online spatial 3D imaging for the rapid indication of conductivity distribution in 3D spatial domain. The frame rate of 3D displaying is approximately 100 fps and it also supports basic interaction functions, such as object rotation, drag and drop, zoom in and out, and cross sectional display. The real-time 3D ability can help understand in depth the temporal and spatial characteristic of conductivity variance of the bioprocess.
III. SYSTEM EVALUATION
A. Signal to Noise Ratio
The signal to noise ratio (SNR) of the developed mfEIT system is evaluated under different working current frequencies. Raw data with three times’ average was used to calculate the SNR. The measurements were performed on a 16-electrode EIT sensor with an inner diameter of 94 mm. Saline with the conductivity of 0.07 Sm–1 was selected as the sensing object. Adjacent current injection and measurement strategy was adopted, which generates 104 independent measurements for one image frame. The SNR of each measurement channel was calculated by
 	                (9)
where N denotes the number of measurements and in this paper we use N=1000; y(n) and  are the nth measured voltage data and the average of N frames of voltage data, respectively.
Figure 11 shows the SNR of 104 measurements when the current frequency are 10 kHz, 20 kHz, 40 kHz, 50 kHz, 100 kHz, 200 kHz, 400 kHz, 500 kHz, and 625 kHz, respectively. In general, the SNR curves have the similar trend with the measured voltage data, i.e., higher SNR occurs at the adjacent electrode measurements which have a larger transimpedance while lower SNR occurs at opposite-electrode measurements which has a smaller transimpedance. As indicated in Figure 11, the highest SNR under the testing condition is 82.82 dB and the lowest SNR is 45.51 dB. The results show that lower frequencies have a lower measurement uncertainties compared with higher ones, but overall stable enough measurements can be obtained for image reconstruction among the whole working frequency range. Moreover, the SNR can be further improved by either increasing the number of accumulation points in Eq. (7) during demodulation or averaging a larger number of demodulation results if required, at the expense of a reduced frame rate.
B. 2D TD and FD Imaging Results
A series of 2D multi-frequency static imaging experiments were carried out and the results are presented and discussed in this subsection. The experiments were based on the same sensor used in SNR evaluation, as shown in Figure 12(a).
The background substance in this test was saline with the conductivity value of 0.07 Sm–1. Multi-frequency image reconstructions of two test phantoms, a single sweet potato cylinder, and a potato cylinder with a metal cylinder, were performed. Figure 12(b) to (e) show the phantom pictures and corresponding geometric distributions of the two tested phantoms, respectively. The diameters of the sweet potato cylinder, potato cylinder and metal rod are 20 mm, 20 mm and 25 mm, respectively.
The one-step Gauss-Newton solver with Laplacian regularization [27] is applied for image reconstruction. Figure 13 and Figure 14 illustrate the TD and FD image reconstruction results of phantom 1 and phantom 2 at 10 kHz, 20 kHz, 40 kHz, 100 kHz, 200 kHz, 500 kHz and 1MHz, based on amplitude and phase data, respectively. In FD image reconstructions, 10 kHz is selected as the reference frequency. The differences between the measurements of all tested frequencies and of the reference frequency were calculated for image reconstruction. Differently, in TD image reconstructions, the voltage differences were taken with the corresponding time-referenced data of each test frequency. It is worth mentioning that the same color bar was used for all the images at different frequencies to show the effect of frequency on reconstructions.
Figure 15 shows the Electrical Impedance Spectroscopy (EIS) of sweet potato rod and potato rod to verify the multi-frequency image reconstruction results. EIS is widely used to reveal the frequency responses of bioelectrical impedance and further understand the structure, composition, physiological status or other internal properties of biological material [28]. EIS and mfEIT are based on the similar principle, however EIS can only provide the lumped parameter magnitude of bioimpedance, whereas EIT provides spatial resolution by generating cross-sectional images of conductivity distribution. Therefore, mfEIT is preferable for the applications requiring visualization of conductivity distribution.
Regarding phantom 1, the EIS result illustrated in Figure 15 indicates that the conductivity of sweet potato becomes larger with the increase of frequency. The TD reconstruction results shown in Fig. 13 indicate that the inclusion area becomes more evident in the images with the increase of frequency, which is in accordance with the trend of conductivity change with respect to frequency. The transition of phase with respect to frequency is also shown. The FD image reconstruction results shown in Fig. 14 demonstrate that more evident inclusion images have been obtained with the increase of frequency, which is also consistent with the fact that the conductivity difference of sweet potato between the target frequency (10 kHz, 20 kHz, …, 1MHz) and the reference frequency (10 kHz) increases with frequency.
Figure 14 shows the TD and FD image reconstruction results of phantom 2 at 10 kHz, 20 kHz, 40 kHz, 100 kHz, 200 kHz, 500 kHz and 1 MHz based on amplitude and phase data, respectively. The conductivity of metal rod does not change much with frequency, whilst that of potato varies significantly with frequency, as can be seen in Fig. 15. From the TD amplitude results, it is shown that the metal rod can been seen at all frequencies but there is an obvious transition of the potato cylinder from weak to strong with the increase of frequency. The transition of phase with respect to frequency is also shown.  Moreover, the FD results of phantom 2 show that potato rod can tends to appear from lower frequency, e.g. 20 kHz, and in contrast, the metal rod is eliminated by frequency subtraction and only tends to appear when the frequency difference is increased to certain extent, e.g., 200 kHz. The results are also consistent with the frequency characteristics of the material.
To compare the accuracy of reconstructed images, correlation coefficient (we use C in corresponding figures) defined below is used
         (10)
where p denotes the number of pixels and in this paper we use p=3228;  and are the ith element of the reconstructed conductivity distribution; and are the ith element of the true conductivity distribution which is set as one in this work.
C is labelled for each TD amplitude image in Figure 13 and 14 based on the individual color bar of each image. It is independent of the conductivity value and only related to its spatial distribution. Quantitative evaluation of the image accuracy for biological objects under different frequencies is challenging, because the conductivity is changing with frequency and the ground truth is unknown. This is even more difficult when using FD imaging method where different images can be obtained under different frequency interval. Therefore, only the reconstructions based on TD imaging method are evaluated.
The above results demonstrate that the developed mfEIT system can deliver high quality 2D images using both TD and FD imaging methods within the testing frequency range.
C. 3D TD and FD Imaging Results
In this subsection, a series of static 3D experiments were conducted to assess the 3D imaging ability. Figure 16 shows the EIT sensor used for 3D imaging, its exact geometry model and mesh created in COMSOL Multiphysics for forward problem calculation. The inner diameter of the 3D sensor is 287 mm and the height of saline during 3D experiments is set to be 206 mm. The conductivity of the saline is 0.07 Sm–1. The EIT sensor consists of three layers of electrodes and each layer has 16 electrodes. In the presented 3D experiments, only the two lower layers with total 32 electrodes were utilized.
The 3D Jacobian matrix is calculated using COMSOL Multiphysics and Matlab based on the created 1:1 sensor model. The sensing domain is divided into 32×32×40 voxels (32480 voxels in total), and the two layers of electrodes are excited and measured separately by using the adjacent sensing strategy. The sensing strategy generates 208 independent measurements in one frame for evaluation of the conductivity values.
The 3D imaging of two test phantoms, a single potato and an apple with a glass cuboid were performed. The Gauss-Newton solver with Laplacian regularization [25] was adopted for real-time 3D image reconstruction. In order to highlight the target objects, conductivity values less than 50% of the maximum value (or larger than 50% of the minimum value for the negative cases) are set to be transparent. Moreover, the scattered interpolations are applied to the original 3D images for enhanced 3D visual effect.
Figure 17 illustrates the single potato phantom and the corresponding 3D TD image reconstruction results based on amplitude data at 20 kHz, 40 kHz and 80 kHz, and the 3D FD image reconstruction results using voltage difference between 80 kHz, 40 kHz and 20 kHz. The potato is located near the upper layer electrodes. Both the TD and FD reconstruction results are able to show the correct shape and position of the potato. As for the FD image reconstruction results, 20 kHz is selected as the reference frequency and the FD images based on frequency subtractions between 80 kHz, 40 kHz and the reference frequency also preserves the correct shape and location information of the potato.
Figure 18 illustrates the second test phantom, a glass cuboid and an apple with peel, and the corresponding 3D TD and FD image reconstruction results at 20 kHz, 40 kHz and 80 kHz respectively. The volume ratio of the apple and 3D sensor is around 6.7%. From the TD results, the position and shape of the glass cuboid (the red and orange color in the 3D images) can be estimated, while due to the existence of glass cuboid, the apple (the green color in the 3D images) can hardly be seen as it causes much smaller conductivity variation compared with the glass cuboid. As for the FD results, the glass cuboid is eliminated and only the apple is shown in the reconstructed images. This is because only the conductivity of apple changes with frequency while that of the glass cuboid does not. The imaging results are consistent with the frequency properties of the materials. As supported by the 3D experiments performed in this subsection, it is proved that the developed mfEIT system has excellent 3D multi-frequency imaging performance.
IV. CONCLUSIONS
In this paper, a flexible mfEIT system targeting at real-time 2D and 3D impedance spectroscopic imaging was developed and thoroughly evaluated in terms of load capacity, frame rate, SNR, 2D and 3D multi-frequency image reconstructions. The system design was presented from perspectives of system architecture and pivotal function modules. Compared with existing EIT systems, novel features of the proposed mfEIT system include real-time 3D and 2D multi-frequency imaging ability, highly flexible sensing abilities such as fully adjustable current source with real-time monitoring and emergency switch-off function, arbitrarily configurable electrode interfaces, fully software-controlled sensing parameters and image reconstruction algorithms, adjustable power supplies, etc., and high SNR and high frame rate. The working frequency of the system ranges from 10 kHz to 1 MHz. The evaluation results show that the highest SNR of the system is 82.82 dB, and the frame rate is up to 546 fps in serial mode and 1014 fps in semi-parallel mode. The developed 3D imaging software, Visual Tomography, is able to support up to 120 fps time-stacked and spatial 3D imaging in real time. In summary, the proposed mfEIT system has excellent specifications and is able to provide advanced spectral impedance imaging ability for various industrial process analysis and biomedical imaging applications.
Future work will explore the potential biomedical and industrial process applications using the developed mfEIT system, for example, 3D cell culture process with significant spectral variation [29], including the visualization of cell adhesion, spreading, proliferation and detachment in cell cycle processes, cellular morphology and cell-drug interaction, etc.
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FIG. 1. Block diagram of system architecture.



 


FIG. 2.  The developed 3D mfEIT system.


 


FIG. 3.  Block diagram of the adjustable multi-frequency current source with real-time current monitoring function.



FIG. 4.  The 50 kHz and 100 kHz superimposed waveform (yellow) and its frequency spectrum (purple) on a 500 ohm resistive load.



FIG. 5.  Resistive load testing curve of current source.



FIG. 6.  Switching scheme for an individual electrode.



FIG. 7.  The sampling timing sequence diagram.



TABLE I.  Frame rates of the developed system under different frequencies and working modes.
Sensing mode	10 kHz	20 kHz	40 kHz	50 kHz	100 kHz	200 kHz	400 kHz	500 kHz	625 kHz	1 MHz
2D serial	48 fps	96 fps	192 fps	240 fps	320 fps	384 fps	427 fps	437 fps	546 fps	457 fps
2D semi-parallel	89 fps	178 fps	356 fps	445 fps	595 fps	714 fps	793 fps	811 fps	1014 fps	850 fps
3D serial	24 fps	48 fps	96 fps	120 fps	160 fps	192 fps	213 fps	218 fps	273 fps	228 fps
3D semi-parallel	44 fps	89 fps	178 fps	222 fps	297 fps	357 fps	396 fps	405 fps	507 fps	425 fps




FIG. 8.  Block diagram of multi-frequency demodulation.



 
(a)	                                                                                                                       (b)
  
     (c)                                                                                                                  (d)
FIG. 9.  3D imaging software, Visual Tomography. (a) Real-time imaging unit. (b). Offline analysis unit. (c) Waveform sampling unit. (d) Settings unit.

   
(a)                                                                  (b)                                                        (c)                                                       (d)
FIG. 10.  Real-time 3D imaging examples. (a) Online time-stacked 3D imaging of a rotating rod. (b). Horizontal sectional view of (a). (c) Online spatial 3D imaging of a potato. (d) Vertical sectional view of (c).

 


FIG. 11.  Signal to noise ratio tested on a 16-electrode sensor under different excitation frequencies.



                                    
                    (a)                                                 (b)                                                (c)                                              (d)                                               (e)
FIG. 12.  Experiment test phantoms using a 16-electrode EIT sensor. (a) The sensor. (b) Phantom 1: sweet potato rod. (c) Geometric distribution of phantom 1. (d) Phantom 2: potato rod and metal rod. (e) Geometric distribution of phantom 2.

Frequency	10 K	20 K	40 K	100 K	200 K	500 K	1 M	
TDAmplitude								
C	0.8367	0.7535	0.7947	0.8142	0.8290	0.8453	0.8369	
TDPhase								
FDAmplitude								

FIG. 13.  Time-difference (TD) and frequency-difference (FD) image reconstruction results of phantom 1. The first two rows show time-difference results and the third row illustrates frequency-difference results. The reference frequency of frequency-difference imaging is 10 kHz.

Frequency	10 K	20 K	40 K	100 K	200 K	500 K	1 M	
TDAmplitude								
C	0.7028	0．7077	0.7864	0.8298	0.8392	0.8364	0.8143	
TDPhase								
FDAmplitude								

FIG. 14.  Time-difference (TD) and frequency-difference (FD) image reconstruction results of phantom 2. The first two row shows time-difference results and the third row illustrates frequency-difference results. The reference frequency in frequency-difference imaging is 10 kHz.



FIG. 15.  Electrical impedance spectroscopy (magnitude) of sweet potato and potato using Agilent Impedance Analyzer Keysight E4990A.


 


 
                  (a)                           (b)                        (c)                      (d)
FIG. 16.  3D EIT sensor and its FEM model. (a) Top view of the 3D EIT sensor. (b) Side view of the 3D EIT sensor. (c) The created 1:1 geometry model of the sensor. (d) Mesh.



Phantoms	Time-difference Imaging	Frequency-difference Imaging
	20 kHz	40 kHz	80 KHz	40 kHz–20 kHz	80 kHz–20 kHz
	View 1	View 1	View 1	View 1	View 1
	View 2	View 2	View 2	View 2	View 2
Color bar					
FIG. 17.  3D time-difference and frequency-difference image reconstruction results of a potato using amplitude data.

Phantoms	Time-difference Imaging	Frequency-difference Imaging
	20 kHz	40 kHz	80 kHz	40 kHz–20 kHz	80 kHz–20 kHz
	View 1	View 1	View 1	View 1	View 1
	View 2	View 2	View 2	View 2	View 2
Color bar					
FIG. 18.  3D time-difference and frequency-difference image reconstruction results of a glass cuboid and an apple using amplitude data.
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